. The construction of pRB020 required that pGB1 be treated to remove its sole NdeI site. This was accomplished by digestion with that endonuclease and then treatment with mung bean nuclease and ligation. Elimination of the NdeI site, which is located outside of the genes carried on the plasmid, did not have a discernible effect on the LacI-mediated expression of trg. The pGB1 derivative lacking the NdeI site was cleaved with AflIl and StuI, and the resulting 0.7-kb fragment of trg was replaced by one in which an NdeI site had been previously introduced at codons 266 and 267 by oligonucleotide-directed mutagenesis, to create pJB34. Plasmids pDR200 (8) and pJB34 were digested with Hindlll and NdeI, and the 1-kb fragment of the former was joined to the 7-kb fragment of the latter to yield pRB020.
contributed its periplasmic and transmembrane domains as well as a short cytoplasmic segment and EnvZ contributed its cytoplasmic kinase/phosphatase domain. Trzl transduced recognition of sugar-occupied, ribose-binding protein by its periplasmic domain into activation of its cytoplasmic kinase/phosphatase domain as assessed in vivo by using an ompC-lacZ fusion gene. Functional coupling of sugar-binding protein recognition to kinase/phosphatase activity indicates shared features of intramolecular signalling in the two parent proteins. In combination with previous documentation of transduction of aspartate recognition by an analogous fusion protein created from chemoreceptor Tar and EnvZ, the data indicate a common mechanism of transmembrane signal transduction by chemoreceptors and EnvZ. Signalling through the fusion proteins implies functional interaction between heterologous domains, but the minimal sequence identity among relevant segments of EnvZ, Tar, and Trg indicates that the link does not require extensive, specific interactions among side chains. The few positions of identity in those three sequences cluster in transmembrane segment 1 and the short chemoreceptor sequence in the cytoplasmic part of the hybrid proteins. These regions may be particularly important in physical and functional coupling. The specific cellular conditions necessary to observe ligand-dependent activation of Trzl can be understood in the context of the importance of phosphatase control in EnvZ signalling and limitations on maximal receptor occupancy in binding protein-mediated recognition.
Bacterial cells recognize features of their environment and transduce that recognition into internal signals that evoke appropriate responses. Intracellular signalling in bacteria occurs in many cases by a common biochemistry (for recent reviews, see references 3, 29, and 31) . In these systems, often called two-component regulatory systems, a protein kinase places a phosphate from ATP at one of its histidinyl residues and that phosphate is subsequently transferred to an aspartyl residue of a response regulator, causing activation of the regulator. For many signalling systems, the kinase resides in the cytoplasmic domain of a transmembrane sensor protein and the regulator protein interacts with promoter DNA to control expression of specific genes. A well-characterized example of such a system is the EnvZ-OmpR pair of Escherichia coli that regulates, in response to osmotic pressure, the expression of two genes, ompC and ompF, coding for outer membrane porins (3, 11, 29) . EnvZ is the transmembrane sensor protein, and OmpR is the phosphorylation-activated DNA-binding protein (1, 9, 15) . EnvZ has a transmembrane domain made up of two segments, one near the amino terminus and the other near the middle of the polypeptide chain, a periplasmic domain thought to be involved in sensing osmotic pressure (32) , and a cytoplasmic domain that has both kinase and phosphatase activity specific for OmpR (10, 18 There is substantial identity among the amino acid sequences of the four receptors in their cytoplasmic domains but little in their periplasmic or transmembraqe domains (13) , yet mutational analyses of ligand binding imply that there is a common three-dimensional organization even in those domains (12, 19, 21, 22, 28, (34) (35) (36) .
A shared NdeI restriction site in tar and tsr allowed creation of a hybrid gene that produced a chimeric chemoreceptor in which all but the first 43 residues of the 35-kDa cytoplasmic domain of Tar were replaced by the corresponding segment of Tsr (20) . This pACYC184 derivative (16) carrying intact rbsB and rbsK expressed constitutively from a plasmid promoter, created CP920 and CP924, respectively. Transformation of CP920 with pAI12 created CP921. Plasmid pRB020 codes for Trzl. It is essentially plasmid pGB1 (4), a derivative of pKK223-2 that carries trg under the control of the tac promoter and also carries lacIq, in which the segment trg that codes for the cytoplasmic domain of Trg is replaced by the comparable segment of envZ, creating a gene that codes for the protein diagrammed in Fig. 1 . The construction of pRB020 required that pGB1 be treated to remove its sole NdeI site. This was accomplished by digestion with that endonuclease and then treatment with mung bean nuclease and ligation. Elimination of the NdeI site, which is located outside of the genes carried on the plasmid, did not have a discernible effect on the LacI-mediated expression of trg. The pGB1 derivative lacking the NdeI site was cleaved with AflIl and StuI, and the resulting 0.7-kb fragment of trg was replaced by one in which an NdeI site had been previously introduced at codons 266 and 267 by oligonucleotide-directed mutagenesis, to create pJB34. Plasmids pDR200 (8) and pJB34 were digested with Hindlll and NdeI, and the 1-kb fragment of the former was joined to the 7-kb fragment of the latter to yield pRB020.
Methods. The immunoblot procedures used were described by Morgan et al. (26) and used antiserum raised to purified Trg or purified EnvZ, anti-rabbit immunoglobulin G raised in goats and coupled to horseradish peroxidase, and 1-chloro-4-naphthol as a chromogenic substrate for the peroxidase. The assay of 3-galactosidase and the units of activity used were described by Miller (24) .
RESULTS
Construction of a trg-envZ hybrid. We aimed to create a hybrid gene between trg and envZ that coded for a chimeric protein analogous to the Tazl protein produced by the tarenvZ hybrid (33) . The hybrid gene and fusion protein are diagrammed in Fig. 1 (27) . The trzl-containing plasmid, pRB020, was introduced into a host lacking a chromosomal copy of envZ and lacking detectable amounts of Trg or other chemoreceptors (Fig. 2B) as the result of a flhD mutation. Production of Trz was assessed by immunoblot analysis using anti-Trg and anti-EnvZ (Fig. 2) (Fig. 2B) (Fig. 3A) . Cells containing both rbsB and trz] on compatible plasmids exhibited the same low level of ,B-galactosidase activity in the absence of ribose, but the presence of ribose resulted in a level of activity more than 20-fold higher (Fig. 3A) . The (Fig. 4) Fig. 2 this increased level of Trzl did not result in a higher level of ribose-induced activation of the ompC promoter (Fig. 3B) . In fact, cells containing ribose-binding protein, induced for a high content of Trzl and stimulated with ribose, exhibited only half of the ,B-galactosidase activity of the same cells containing low levels of Trz (compare the rightmost bars in Fig. 3A and B ). Strikingly, this moderate level of activity was not much different from the activity in the absence of ribose or from the activity of cells with a high content of Trzl but lacking ribose-binding protein entirely (Fig. 3B , third paired set of bar graphs). It appears that, in cells with a high content of Trzl, the ompC promoter is activated to a moderate extent but that activation does not require ligand occupancy of the periplasmic domain and is little increased by such occupancy. Possible explanations for these observations will be considered in Discussion.
DISCUSSION
The results described here demonstrate that the hybrid protein Trzl, containing the periplasmic and transmembrane domains of the chemoreceptor Trg and the cytoplasmic domain of the osmosensor EnvZ, is functional for intramolecular transmembrane signalling. Recognition of occupied sugarbinding protein by the chemoreceptor-derived periplasmic domain resulted in altered activity of the kinase/phosphatasecontaining cytoplasmic domain, as assayed by expression from the ompC promoter. Transmembrane signalling by a chemoreceptor-osmosensor hybrid was documented previously by Utsumi et al. (33) for Tazl, a fusion of the chemoreceptor Tar and EnvZ on which the design of Trzl was based. Signalling by Trzl reinforces the conclusion of the earlier study that chemoreceptors and the osmosensor EnvZ share a common mechanism of intramolecular transmembrane signal transduction. Control of the enzymatic activity of the EnvZ fragment by two Fig. 1 for the positions of these segments). In contrast, the 27-residue TM-1 and the 45-residue cytoplasmic section from TM-2 through the fusion joint, the part of the segment of chemoreceptors called the linker (2), contained identical residues at, respectively, 30 and 33% of the positions (Fig. 5 
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Tazl hybrid receptor has been shown to cause increased expression from the ompC promoter by inhibiting phosphatase activity, not by stimulating kinase activity (37) . In some in vivo conditions, this would mean that much of the EnvZ phosphatase of Tazl would have to be inhibited by ligand occupancy before cellular levels of OmpR-phosphate, and thus expression from the ompC promoter, would rise discernibly. Such a requirement could contribute to a significant degree to the high concentrations of aspartate, approximately 1,000-fold above the 5 ,uM Kd of the Tar-aspartate complex (5), necessary to detect ligand-dependent activation of ompC expression by Tazl (33) , although the reduction of low concentrations of aspartate by transport and metabolism during the time course of the assay, a phenomenon discussed above, probably also contributes. A requirement for substantial occupancy is particularly crucial for binding protein-mediated recognition. The content of binding protein in the periplasm defines the upper limit for concentration of the ligand (occupied binding protein) available to occupy receptor. In cells with chromosomal copies of the relevant genes, this means that the maximum possible proportion of occupied receptor is substantially less than 100% since the concentration of sugar-binding protein in the periplasm is near the value for the Kd for the complex of receptor and occupied sugar-binding protein (23, 36) . For cells with increased amounts of receptor as the result of high-level expression from plasmid-borne genes, an excess of receptor over sugar-binding protein would also limit maximal occupancy. These considerations provide a way to interpret some experimental observations. The lack of Tazl-mediated increase in ompC expression upon stimulation by maltose (33) was likely the result of insufficient maltose-binding protein, produced from a single chromosomal copy of the gene, in relation to the dissociation constant of the receptor-binding protein complex and to the high cellular content of plasmidencoded Tazl. The substantial ligand-dependent expression of ompC mediated by Trzl (Fig. 3A) was observed in cells containing a low amount of the hybrid receptor and a high amount of ribose-binding protein, produced from multiple copies of a plasmid-borne gene. High-level production of Trzl resulted in increased expression of ompC that was essentially independent of ligand occupancy (Fig. 3B) . This could reflect an increased and highly buffered level of OmpR-phosphate that occurred because the vast excess of plasmid-produced enzyme over chromosomally produced substrate (OmpR) resulted in a shift in the normal balance between the reactions of phosphorylation and dephosphorylation.
Implications 
